ABSTRACT Due to the limited space on the train, the shielded cables were utilized to protect signal cables against influence by the disturbance from power cables which arranged in parallel with the signal cables. To reduce cable coupling, the cables are usually arranged close to train body. The influence of the body of the train should not be ignored. To analyze the coupling of shielded cables in the train, a hybrid method is proposed based on the circuit model. To solve the influence from the reflection of the train body, Green's function deduced from image theory is utilized. The current on the shielding layer is calculated by lumped circuit model, which is set up by admittance parameter matrix. And then, the coupling voltage on the core of shielded cable is given by using BTL function. Finally, a laboratory test case and a field test were investigated. Results of the proposed method were validated by measurement results.
I. INTRODUCTION
In railway system, shielded cables are widely used for protecting signal transmission against external electromagnetic interference (EMI). However, because of the space limitation of the carriage, the power cables and signal cables are arranged in parallel close to the train body sometimes. The coupling between cables lead to electromagnetic compatibility (EMC) fault.
Lots of works have been done dealing with the shielded cables coupling issue by using MTL theory [1] - [3] , or electromagnetic numerical methods [4] - [7] . Most of these research focuses on the cables located above an infinitely large lossless metal plane. However, the cables are generally arranged close to the perpendicular metal plane when the floor and one side of train body are both taken into consideration. It is difficult to calculate the inductance or capacitance parameters of the cables. The method based on image theory is utilized to calculate inductance and capacitance with the assumptions of weak coupling with nearby metal surface in [8] and [9] . However, the forms of L and C parameters are too complex. It is easy to understand, but
The associate editor coordinating the review of this manuscript and approving it for publication was Zhigang Liu. hard to calculate. The hybrid solver combining the multiconductor transmission line (MTL) theory with the method of moments (MoM) was proposed in previous works [10] - [12] . However, the interactions between the cable harness and the metal surface are ignored in this hybrid method. Besides that, in the hybrid method MoM is used to solve the radiation from nearby metal surface. The metal surface near the cables has to be characterized by finely discretized mesh regions, which leads to a large computational burden. To evaluate the current flows on the bundles with an arbitrary shape metal surface, multiple scattering (MS) method is mentioned in [13] . This method is universally applicable, but the calculation is too complicated for analyzing the coupling of shielded cables. This paper intensively focuses on solving the shielded cables crosstalk problem with complex boundary condition. A new hybrid analytical method is presented in this paper, which combines MTL method [1] with one common formulation of MoM, the mixed-potential integral equations (MPIE) formulation [14] - [17] . The interactions between the cables and nearby metal surface is solved by using Green's function, which could reduce the calculated amount and make the calculation of distribution parameters easier. In our proposed method, the modeling of the shielded cables is divided into two distinct regions [18] , [19] : external cables region and interior cables region. For external cables region, the circuit extraction method based on MPIE is used to solve the influence of train body on the coupling of cables and calculate the current on the shield. The nearby metal surface and the cables' location surrounding are considered as the boundary for the shielded cables. The different type of Green's function in the MPIE formula based on the image theory is used depending on the boundary condition [20] , [21] . By using Green's function, the coupling current on the shielding layer could be calculated without metal surface meshing. Then, the distributed voltage and current sources are set up on the interior cables region by using transfer parameters of shielded cables. The terminal voltages on the core of the shielded cable is given based on MTL.
The paper is organized as follows. In Section II the circuit extraction procedure for the external cables' region and the interior cables region are presented. Comparisons between modeled and measured results are done in Section III. Finally, the paper ends with conclusions and reference.
II. FORMULATION
For better fixation of cables, in high-speed train, the cables between devices locate and close to the floor and side walls of the train. Sometimes, the signal cables are inevitably parallel arranged with power cable.
The structure of shielded cables inside the train is illustrated in Fig. 1 . The signal cable between device 1 and device 2 is parallel arranged with power cable. The train body is considered as reference ground. The cables could be considered to locate above orthogonal ground planes.
For analyzing the coupling issue with the cables' location, the cables' structure can be set into two regions, external region and interior region, as shown in Fig. 2 . In external region, the infinite orthogonal ground planes where the cables located are taken as the reference ground. The structure inside the shielded cable is ignored. The shielded cables are considered as the single cable. The coupling between the shielding layers of two cables is analyzed in this region. I p is the common-mode current flowing on the power cable, which is considered as the EMI source. I s is the induced current on the shielding layer of signal cable, which is coupled from the power cable. The four-port network is extracted from the external region structure. I p (0), I p (l), I s (0) and I s (l) are the ports' currents. The interior region is used to analyze the terminal voltage V r and current I r , which are coupled on the core of signal cable. Z r and Y r are impedance and admittance of the core. The two regions are connected by the transfer impedance Z t and admittance Y t .
The current I rs and V rs are the excitation sources for the interior region, which are produced from V s and I s on the shielding layer.
The length of the parallel cables is l.
Since Y t is too small [22] , only the transfer impedance Z t is considered. Thus, I s and Z t are the important elements to get the coupling disturbance for the core of the shielded signal cable.
A. LUMPED CIRCUIT MODEL FOR EXTERNAL REGION
The MPIE formulation is applied to solve the influence of train body on the coupling of cables and calculate the current I s on the shielding layer. Assume the incident field E inc to be zero, and the cables are replaced by J. The MPIE equation can be expressed as [14] :
G A is dyadic Green's function. G φ is the scalar Green's function, ρ is the charge density. The MPIE equation could be solved as [16] :
In MPIE formulation, each segment can be considered as a node and two connect nodes made an edge. φ is node potential matrix, I is branch-current, which flow crosses the edge, as shown in Fig3. It can be deduced from (3):
VOLUME 7, 2019 where, is a connectivity matrix, C is capacitance matrix, L is inductance matrix and I e is impressed current source matrix. I matrix is made up by current matrixes of power cable and signal cable, I P_MPIE and I S_MPIE. Thus, I matrix in the MPIE formulation could write as:
The signal cable into F segments, and H edges between segments will be produced at the same time. Thus, I S_MPIE could be expressed as:
. (6) It is found that, there are no I s (0) and I s (l) in I S_MPIE matrix. For calculating I s (0) and I s (l), pseudo nodes [14] are set at the terminals of the real cables structure, as shown in Fig3. Pseudo node can benefit calculating the half-inductance which is not calculated by the original equivalent circuit model. Because the area or the length of that pseudo node is zero, the pseudo node doesn't introduce additional partial capacitance terms. It also could be used to set the ports for the cables. If power cable and signal cable are divided into 2F segments and 2H edges, and 2S pseudo segments and 2T pseudo edges are set at the cable terminals, the discretized equation extract from MPIE is:
The extended I matrix is:
Rearrange the matrix, I s on the shielding layer of signal cable can be got:
1) GREEN'S FUNCTION AND DISTRIBUTION PARAMETERS
Green's functions stand for the interrelation of source and field. Thus, the interaction between cables and surfaces deals with Green's functions, which could simplify the calculation of the distribution parameters of the cables [20] . In this paper, Green's function is utilized to analyze the boundary condition of infinitely orthogonal metal surfaces. The spatial Green's function representation arises by virtue of the image theory; each scalar term of the Green's function can be expressed summing up all contributions due to the images produced by the PEC wall, as shown in Fig. 4 . With image theory, the real current source is (J x , J y , J z ). The image source electric dipole will have components (-J x , J y , -J z ), (J x , -J y , -J z ), and (-J x , -J y , J z ). The Green's function can be written as: Table 2 list the distance vector, which is a vector from source point r' (x , y , z ) to the observation point r (x, y, z) and made up by X i , Y i and Z i at x, y, z direction. Based on this Green's function, the body of the train could be considered as the reference ground for the multiple-line transmission system, which is made up by power cable, signal cable and the body of the train. Thus, inductance matrix and capacitance matrix could be got [12] :
The element L mn of matrix L. It is written as:
K is the inverse of the capacitance matrix C, and W pq is the term for K.
l p and l q are the lengths of cable segment p and segment q respectively.
2) IMPRESSED CURRENT
I e is impressed current source matrix. The impressed current source could be added at any segment even pseudo segment. For the system in Fig.2 , the impressed current sources are added to the terminal of the cables. To get the impressed current sources, the network analysis methodology is utilized. The pseudo nodes are set as ports. A circuit model is extracted from the structure of external region and the admittance of the network can be written as:
The currents at the ports I port is a part of impressed current sources for MPIE formulation. V port is port voltages matrix. Y is the admittance of the network. It can be got by applying the MPIE formulation. A relationship between φ and I e can be derived from (3) as:
where
The impressed current source matrix I e can be expressed as: Because there are no current sources on any segment, the current matrix on segments I seg will be set to zero. Thus, for calculating the Y-matrix of the network, (18) is changed as:
where φ port is port potential matrix and I port is port current matrix, respectively. While, φ seg is real segments potential matrix. Y A is admittance parameter matrix for pseudo segments, while Y D is Y-parameter matrix for real segments. Y B and Y C represent the interrelation between real segments and pseudo segments by Y-parameter [16] .
Since the port voltages matrix V port is equal to the potential difference between the potential of the port and reference ground, the admittance Y matrix of the network in (17) could be got:
Add the common source I ps at port 1, which is the terminal source of the power cable. Z p 1 and Z p 2 are the two terminal impedances of power cable. Z s 1 and Z s 2 are the two terminal impedances of the shielding layer of signal cable, respectively. They are added at port 3 and port 4, shown in Fig.5 . With these terminal boundary condition, the current at the ports I port could be got as:
B. INTERIOR REGION
For interior region, the shielding layer is considered as the ground of the core of signal cable. The equivalent circuit of unit length core is shown in Fig. 2 . Thus, the interrelation of voltage and current is:
where, Z r and Y r are impedance and admittance of the core. By using BTL function, the coupling voltage and current could be solved [22] : VOLUME 7, 2019 where, Z c is the characteristic impedance of the cable. γ is the propagation constant. ρ 1 and ρ 2 are the reflection coefficients at the two terminals of the signal cable.
S 1 and S 2 are the source of the core, which are produced due to I s the current on the shielding layer. In engineering practice, braided shielded cable is usually used. The transfer impedance could be expressed as [23] :
where, Z d is the scattering impedance, L b and L h are the inductances of braid and gap on the braid respectively.
where, b is the radius of shielding layer, k is number of carriers, N is the number of strands in one carrier, d is strands diameter, β is braid angle, and the δ is the skin depth,
III. VALIDATION AND APPLICATION

A. VALIDATION
To validate the hybrid method, the structure with two shielded cables on the ground was studied. Result of the coupling analyzing model is compared with measurements. The measurement set-up is shown in Fig 6. The signal generator E8257C and receiver HP E7404A are used in the test. The height of cables to the ground is 10 cm and the distance between cables is 20 cm. the disturbance source feed on cables by current injection pliers, and measured by a current clamp. The terminal voltage on the core of victim cable was measured by the receiver.
The coupling voltage at the terminal of victim cable is analyzed. Good agreement between measurements, MTL method, and our approach is presented in Fig. 7 . There is only 2dB difference between the results of measurement and our method from 150 kHz to 10MHz. With the increasing of the frequency, from 10 MHz to 15 MHz, the measurement result is larger than our method and the MTL method result with the same trends, which may be due to that the ground and cables are assumed to be lossless in our method and MTL method simulations. In this case, half-free space Green's function is utilized for our method. It is denoted as:
The ground is assumed as an infinity large PEC plane. The boundary effect and loss of the ground are ignored in our model.
B. APPLICATION
The Driver -Machine Interface (DMI) and Automatic Train Protection (ATP) are unable to communicate properly, when a certain type train passes the neutral zone. It is found that the fault may be caused by the coupling between the signal cable and power cable, according to the investigation for field environmental of equipment connection status and wiring. 
FIGURE 9.
Common-mode disturbance current flow on power cable. In order to make sure the cause of failure, the method proposed in this paper is utilized to analyze the coupling between the power cable and the signal cable.
As shown in Fig.1 , device 1 is supposed as DMI and device 2 is the cabin of ATP. The signal cable is shielded cable which connects with DMI and ATP. The signal cable is arranged parallel with 220V power cable for 19 m. The distance between cables and the floor and wall of the train is 30cm. The structure of signal cable is shown in Fig. 8 . The area of core is 0.5mm 2 , the radius of inner shielding layer and outer shielding layer are 2.8mm and 3.45mm respectively.
When the train passes the neutral section, circuit structure of the train power supply system is changed and the transient disturbance appears. Fig.9 shows the common-mode current of harassment on the power supply cable.
To prove our approach could be used for analyzing the engineering problem, field test is set up, shown in Fig.10 . The differential voltage on the signal cable at the terminal of ATP is tested by oscilloscope.
The comparison result between field test and our model is shown in Fig. 11 . The two results are matched well. Due to the crosstalk between the power cable and the signal cable, the disturbance is superimposed on a useful signal. Even though the signal was not interfered yet, the disturbance on the signal wire should not be ignored. The maximum value of the disturbance voltage is as high as 1V.
IV. CONCLUSION
In this paper, a hybrid method combining with MPIE circuit method and MTL method is proposed to analyze the coupling of shielded cables located in the train. The segmentation method is utilized in this approach to divide the problem into two regions. The interaction between the cables and train body was analyzed by utilizing MPIE formulation with Green's function. The coupling disturbance on the core was calculated by using BTL function. The result between measurements and the proposed method matched well. Furthermore, a practical engineering application was given to approve the practicability of our proposed methodology. He is engaged in the field of electromagnetic environment and compatibility of signaling and communication system in high-speed railway. To the transmission fault of the train control system caused by electromagnetic interference, during the online operation of high-speed EMU in recent years, he has been focused on theoretical researches and practical engineering applications, and has solved many signaling faults caused by electromagnetic interference in the online operation of EMU units.
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